Tc toxins are large bacterial protein complexes that inject cytotoxic enzymes into target 10 cells using a sophisticated syringe-like mechanism. Tc toxins are composed of a 11 membrane translocator and a cocoon that encapsulates a toxic enzyme. The toxic 12 enzyme varies between Tc toxins from different species and is not conserved. Here, we 13 investigated whether the toxic enzyme can be replaced by other small proteins of 14 different origin and properties, namely human Cdc42, herpes simplex virus ICP47, 15
Introduction 24
Bacteria produce and secrete an arsenal of pore-forming toxins that function by 25 puncturing the plasma membrane of target cells. There, they either form a perforating 26 pore that dissipates crucial electrochemical gradients or function as an injection device 27 that translocates and releases a toxic molecule into the cytoplasm. Tripartite toxin 28 complexes (Tc) belong to the latter class and are widespread in insect and human 29 pathogens [1, 2] . They were originally discovered in the insect pathogen Photorhabdus 30 luminescens [3] and many gene loci encoding these proteins have since been found. Tc 31 toxins appear to be particularly well represented in enterobacteria, with prominent 32 examples being the insect pathogen Xenorhabdus nematophila [4, 5] , the facultative 33 human pathogen Photorhabdus asymbiotica [6] , and the deadly human and insect 34
pathogens Yersinia spp. [7, 8] . 35
Tc toxins consist of three components known as TcA, TcB and TcC. The 36 ~1.4 MDa TcA is a homopentameric bell-shaped molecule that mediates target cell 37 association, membrane penetration and toxin translocation [9] . TcA consists of a central, 38
pre-formed a-helical channel connected to an enclosing outer shell by a linker that acts 39 as an entropic spring during toxin injection [10, 11] . The shell is composed of a 40 structurally conserved a-helical domain that is decorated by a neuraminidase-like 41 domain, as well as by highly variable immunoglobulin-fold receptor-binding domains. 42
In some Tc toxins, the latter are functionally replaced by small soluble proteins that 43 form a quaternary complex with the TcA subunit [12, 13] . 44
TcB and TcC together form a ~250 kDa cocoon that encapsulates the 45 autoproteolytically cleaved ~30 kDa C-terminal hypervariable region (HVR) of TcC, 46 the actual cytotoxic component of the Tc toxin complex [10, 14] . The HVR resides in a 47 partially or completely unfolded state in the cocoon [10, 15] . Binding of TcB-TcC to 48
TcA and the subsequent pH-dependent prepore-to-pore transition of the ABC holotoxin 49 result in a continuous translocation channel from the TcB-TcC lumen across the target 50 cell plasma membrane into the cytoplasm that allows the translocation of the HVR [16] . 51
In our previous work, we resolved several crucial steps of the Tc intoxication 52 mechanism (reviewed in [17] ). The first of these is holotoxin formation, where the key 53 feature is a conformational transition of the TcB domain that binds to TcA. This domain 54 is a six-bladed b-propeller, and upon contact of TcA with TcB, the closed blades of the 55 b-propeller unfold and refold in a pseudo-symmetric open form. As a consequence, the 56 HVR passes through the b-propeller and enters the translocation channel [16] . The 57 assembled holotoxin binds to receptors on the target cell surface and is endocytosed 58 [10, 18] . Upon acidification of the late endosome, the bottom of the TcA shell opens 59 and the prepore-to-pore transition of the Tc toxin occurs [9] . During this process, the 60 compaction of the stretched linker between the shell and the channel drives the channel 61
through the now open bottom of the shell and across the membrane [11] . The a-helical 62 domain of the outer shell, which possesses a stabilizing protein knot, functions as a 63 stator for the transition [19] Subsequently the tip of the channel opens and the HVR is 64 translocated into the target cell cytoplasm, where it interferes with critical cellular 65 processes, ultimately causing cell death [18] . 66
Two HVRs from Photorhabdus luminescens TcC proteins have been found to 67 function as ADP-ribosyltransferases targeting actin (TccC3HVR) and Rho GTPases 68 such as RhoA and Cdc42 (TccC5HVR) [18] . However, no HVR structures have been 69 solved so far, limiting our understanding of the structural requirements for proteins 70 translocated by Tc toxins. While previous studies on other bacterial ADP-71 ribosyltransferases have shown that these enzymes can in fact be structurally similar 72 even without any significant sequence similarity [20-23], we do not know if this also 73 holds true for Tc toxin HVRs. 74
In this study we raise an interesting question related to this topic: can the 75 sophisticated Tc toxin translocation system be hijacked and used to transport proteins 76 other than the natural HVRs? Such a proof of concept has already been demonstrated 77 for the anthrax toxin, which was used to transport proteins fused to anthrax lethal factor 78 into cells, including the TccC3HVR of Tc toxins [24] . In fact, similar designs based on 79 the diphtheria toxin and Pseudomonas aeruginosa exotoxin A have already been 80 explored as anticancer drugs [25, 26] . These systems however have the disadvantage 81 that the fused cargo is exposed to the external environment during delivery, potentially 82 causing the cargo to show premature and unspecific activity and limiting the usefulness 83 of such constructs for both medical and research applications. This drawback could be 84 avoided if the cargo were to be transported to its destination in an inactive form inside 85 the TcB-TcC cocoon, and only activated after protein translocation through the TcA 86
pentamer. 87
To achieve this, the cargo protein to be translocated would have to be fused to 88 the C-terminus of TcC instead of the native HVR ( Figure 1A,B ). Naturally, it would 89 also need to fit into the cocoon, imposing a yet to be determined upper size limit. Finally, 90 it would also have to behave similarly enough to the HVR in terms of unfolding in the 91 cocoon, charge and hydrophobicity distribution, for the Tc toxin to be tricked into 92 translocating it. We explored these aspects by swapping the TccC3HVR to comparably 93 sized proteins that display a diversity of origins and functions (Supplementary figure 94 1), and then assessed whether these constructs correctly form a holotoxin and 95 translocate their cargos. We found that no stable ABC holotoxin is formed for cargos 96 below a total size of ~20 kDa , which is in accordance with our previous finding that 97 an empty TcB-TcC cocoon does not form ABC with high affinity either [16] . We then 98 screened different cargos for their translocation after triggering the prepore-to-pore 99 transition in vitro. Several small proteins were successfully translocated when fused 100 with parts of TccC3HVR. These included the intrinsically disordered infected cell 101 with one of the Cdc42 fusion constructs and TEV being exceptions. To clarify why 110 such cargos are not translocated, we solved the structure of TcB-TcC-Cdc42 alone and 111 in the context of the ABC holotoxin using X-ray crystallography and electron 112 cryomicroscopy (cryo-EM), respectively. We found that the C-terminus of Cdc42 113 forms an a-helix that is attached to a hydrophobic pocket inside the cocoon, where it 114 also remains upon ABC-Cdc42 holotoxin formation, resulting in Cdc42 translocation 115
arrest. 116
Together, our results show that cargo proteins must fulfill three prerequisites to 117 be successfully translocated by TcA. The first is the cargo size, which needs to be above 118 a threshold of about 20 kDa to form a stable holotoxin complex. The second is the net 119 charge, which needs to be positive at neutral pH values. The third is that the cargo must 120 not form structural elements within TcB-TcC, in particular those that interact stably 121 with the inner surface of the cocoon. Observing these guidelines is the key to creating 122 functional Tc-based protein injection devices. 123
124
Results 125
TcC-HVRs are exchangeable in Tc toxins 126
As an initial proof that different cargos fused to TcC can be translocated, we tested 127 whether HVRs from different TcC proteins are exchangeable and result in functional, 128 toxic ABC complexes. For this, we replaced the TccC3HVR sequence after the 129 autoproteolytic cleavage site in TcdB2-TccC3 to that of TccC5HVR, resulting in the 130 chimeric TcdB2-TccC3-TccC5HVR complex. After assembly of the ABC-TccC5HVR 131 holotoxin, we assessed cytotoxicity on HEK293T cells. Complete cell death occurs 132 upon addition of 2 nM ABC-TccC5HVR toxin, compared to cell death at 0.5 nM when 133 exposed to the ABC-TccC3HVR holotoxin ( Figure 1C ). This is in accordance with 134 previous findings that the cytotoxic effect of TccC5HVR is less pronounced than that 135 of TccC3HVR [18] . This experiment shows that the TcdB2-TccC3 fusion protein is 136 capable of also successfully translocating other HVRs such as TccC5HVR. We 137 therefore chose TcdB2-TccC3 to function as a cocoon scaffold for translocation of other 138 cargo proteins which are not components of the Tc toxin system. 139
140

Replacement of TcC HVR by heterologous cargo proteins 141
Our next step was to replace the TccC3HVR with unrelated heterologous proteins and 142 test the capability of the holotoxin to translocate these. The criteria used to select 143 replacement proteins were i) a small size (11 -34 kDa) to guarantee that they fit into 144 the TcB-TcC cocoon, ii) diverse folds to assess whether this influences the translocation 145 capability, iii) different oligomeric arrangements to see if this affects proper cocoon 146 assembly, iv) and various organismal origins to further reduce bias. The proteins 147 selected according to these criteria were the small GTPase Cdc42, the herpesviral 148 ICP47 protein, the small fluorescent iLOV domain from the plant blue light receptor, 149 the multi-ligand binding enzyme dihydrofolate reductase (DHFR), the Ras-binding 150 domain of CRAF kinase (RBD), and tobacco etch virus (TEV) protease. Several of 151 these proteins possess interesting properties that were hypothesized to provide 152 additional information on requirements for translocation: Cdc42 is a homodimer in 153 solution [33] , ICP47 is intrinsically disordered, iLOV has a flavin mononucleotide 154 chromophore, and TEV contains two β-barrels which represent stable folds 155 with non-native cargos are able to form holotoxin complexes. In contrast, holotoxin 164 formation was tremendously reduced when cocoons with ICP47 (11.3 kDa), iLOV 165 (13.2 kDa), and DHFR (18.4 kDa) as cargos were used, indicating that there is a size 166 limit for the cargo (Figure 2B , Supplementary figure 2A ). Previously, we demonstrated 167 that the HVR inside the cocoon has an influence on the gatekeeper domain of the b-168
propeller and an empty cocoon has a much lower affinity to TcA than the wild-type 169
[16]. We have proposed that this might be caused by steric pressure applied by the HVR 170 and consequently no or a small HVR would result in reduced complex formation. Our 171 results with the different cargos support this hypothesis and indicate that the minimal 172 size requirement for the cargo is around 20 kDa in order to guarantee high-affinity 173 holotoxin assembly. 174
175
The size of the cargo inside TcB-TcC determines holotoxin formation 176
To further explore the influence of cargo size on holotoxin formation, we 177 created a truncated version of the native TccC3HVR (residues 1-132) and increased the 178 size of the shorter cargos by adding differently sized parts of TccC3HVR to the N-or 179 C-termini (Methods, Table 1 ). Since ICP47 has almost no secondary structure that 180 could influence the size dependency ( Supplementary figure 1) , it was a particularly 181 compelling test case. Similar to the cocoon with only ICP47 (11.3 kDa), cocoons 182 containing the chimeras ICP47-HVR50 (17.1 kDa) or HVR45-ICP47-HVR50 (21.6 183 kDa) did not have a high affinity to TcA. The same was true for the short TccC3HVR 184 In all chimeras that led to high-affinity holotoxin assembly, the cargo was fused 190 to HVR128. Therefore, one might ask whether these first 128 residues of TccC3HVR 191 contain a motif important for activating TcB-TcC which the holotoxin-forming Cdc42 192 and TEV constructs coincidentally possess. However, since HVR(1-128) alone does 193 not activate the cocoon, as can be seen with the HVR(1-132) truncation construct of 194
TccC3HVR (Supplementary figure 2B) , we believe that the presence of HVR128 is not 195 a prerequisite for the activation mechanism. Taken together, these results confirm our 196 hypothesis that the cargo has to have a certain size (at least ~20 kDa) in order to activate 197 the cocoon and put it into an assembly-competent state. At the same time the variety of 198 assembly-competent constructs suggests that the nature of the cargo is not important 199 for this activation mechanism, supporting the idea that a general high steric 'pressure' 200 is sufficient. 201 202
Translocation of cargo proteins by TcA 203
Having demonstrated that holotoxins containing heterologous cargos can be assembled, 204 our next step towards using the Tc scaffold as a customized protein injection system 205 was to show that the cargo can be successfully translocated. To assess the translocation 206 of different cargo proteins without having to rely on protein-specific enzymatic activity 207 readouts, we developed a cell-free in vitro translocation assay. First, the prepore-to-208 pore transition of ABC is triggered by shifting the pH to 11. If the cargo can be 209 translocated, it will be ejected through the TcA translocation channel and dissociate 210 from the holotoxin, as described for wild-type ABC (ABC(WT)) [15] . Successfully 211 translocated 20 -30 kDa cargos can then be easily separated from the 1.7 MDa ABC 212 injection machinery by size exclusion chromatography (SEC, Supplementary figure 213 3A), while non-translocated cargos will still be holotoxin-associated and therefore co-214 migrate with the 1.7 MDa peak (Supplementary figure 3B ). As proof of principle, we 215 first assessed the release of TccC3HVR in ABC(WT) before moving on to test the 216 heterologous cargos. Indeed, after 48 h of incubation at pH 11, a substantial fraction of 217
TccC3HVR migrates much later than the ABC peak ( Figure 3A ), indicating that it has 218 been successfully released and translocated through TcA. 219
Next, we tested whether the various cargo proteins could be translocated. We 220 first assessed Cdc42 and TEV, which do not need to be fused to TccC3HVR fragments in order to form a holotoxin. However, the proteins were not translocated by TcA 222 ( Figure 3B ). To determine whether fusing sequences from TccC3HVR can restore 223 translocation competence, we extended Cdc42 with either the C-terminus of 224
TccC3HVR or with both of its termini. However, these cargos could also not be 225 translocated by TcA ( Figure 3B ), indicating that neither the C-terminus nor both termini 226 of the HVR are sufficient to enable translocation. 227
However, the four other cargos that facilitated holotoxin formation only when 228 fused to fragments of TccC3HVR were successfully translocated, namely HVR128-229 ICP47-HVR50, HVR128-ICP47, HVR128-iLOV and HVR128-RBD ( Figure 3A) . 230
Since the C-terminal region that is translocated first in ABC(WT) [16] differs 231 considerably between these cargos, we conclude that there is no specific sequence at 232 the C-terminus that determines whether a cargo is translocated or not. In the case of 233 HVR128-iLOV, we did not observe iLOV fluorescence in the cocoon (Supplementary 234 figure 3C ), indicating that it is stored in an unfolded form. In contrast to the other three 235 HVR128-containing cargos, DHFR is not translocated when fused to the same HVR128 236 N-terminus ( Figure 3B ). Together with the non-translocated HVR45-Cdc42-HVR50 237 cargo, this shows that the sequence of the N-terminus is also not the determinant of 238 cargo transport through TcA. Therefore, there must be another factor at work that 239 establishes translocation competence. 240
A comparison of the four translocated fusion proteins (HVR128-ICP47, 241
HVR128-ICP47-HVR50, HVR128-RBD and HVR128-iLOV) and the native cargos 242
Tcc3HVR and Tcc5HVR shows that their common feature is a positive net charge at 243 neutral pH, with isoelectric points of at least 7.9 ( Figure 3A ). In the case of the fusion 244 constructs, this is mainly due to the highly positively charged HVR128 (pI 9.75), which 245 is larger than the cargo protein in all cases (maximum size 13.2 kDa). We therefore 246 conclude that besides being large enough, the cargo has to be positively charged 247 (pI ³ ~8) in order to be translocated. 248
In line with this, the six constructs that formed holotoxin complexes but did not 249
show translocation had mostly negatively charged cargos (Table 1 ). Only two non-250 translocated cargos, namely HVR45-Cdc42-HVR50 and TEV were positively charged. 251
The TEV construct we used has a highly positively charged penta-arginine tail to allow Although Cdc42 does not possess any folds that are immediately classifiable as very 266 stable, we looked at the Cdc42 constructs in more detail and solved the crystal structure 267 of TcB-TcC-Cdc42 to 2.0 Å to find out whether Cdc42 folding inside the cocoon is 268 nonetheless a plausible explanation for its translocation incompetence ( Figure 4A , 269 Supplementary Table 1) . 270
The overall shape of the TcB-TcC-Cdc42 cocoon is identical to wild-type and 271 empty TcB-TcC [10,16], indicating that a different cargo does not influence the RHS 272 repeat structure of the cocoon (Supplementary figure 4A ). Similar to the native TcB-273
TcC cocoon, Cdc42 inside the cocoon is not structured. However, we found an ordered with more degrees of freedom ( Figure 4C ). This is reflected in the quality of the 284 crystallographic density, with only the residues pointing towards the cocoon surface 285 being well resolved (Supplementary figure 4D) .
Interestingly, the affinity of the 286 The stable nature of the Cdc42 a-helix interaction with the cocoon raises the 295 question of whether it remains bound even after holotoxin formation, in which case it 296 would not be able to enter the translocation channel. We addressed this issue by 297 determining the 5 Å structure of the ABC-Cdc42 holotoxin using cryo-EM 298 (Supplementary figure 5) . Indeed, a small helix-shaped density appears at the 299 interaction site even at a comparably high map binarization threshold, despite the 300 limited resolution of the 3D reconstruction. Fitting the entire crystal structure of TcB-301
TcC-Cdc42 into the cryo-EM map results in a very good match of the Cdc42 a-helix 302 with the additional map density of ABC-Cdc42 ( Figure 4D ). In contrast, no comparable 303 cryo-EM density is present at the same position in ABC(WT) and an aspartyl-protease 304 deficient variant [16] (Supplementary figure 6) , indicating that the cargo does not form 305 any structural elements at this location in functional holotoxins. 306
The tight association of the C-terminal a-helix to the cocoon results in Cdc42 307 translocation arrest already at an early stage. If the C-terminus that would normally be 308 translocated first through TcA [16] is occupied, then why does Cdc42 form a holotoxin? 309
Analysis of the cryo-EM data shows that no additional density is present in the TcA 310 translocation channel, unlike in ABC(WT) ( Figure 4E ). There is however a stretch of 311 Taken together, our results indicate that the P. luminescens Tc toxin can be successfully 322 transformed into a universal protein translocation system as long as the cargo protein 323 fulfills several prerequisites. The first of these is cargo size. While its upper limit is 324 defined by the size of the cocoon, an exact value was not determined in this study. The 325 largest cargo tested here was HVR128-DHFR (31.6 kDa), which is 1.2 kDa larger than 326 the TccC3HVR natural cargo (Table 1) . At the same time, the largest natural cargo of 327 a P. luminescens Tc toxin is TccC1HVR at 35.1 kDa, providing a potential upper size 328 limit and meaning that larger ADP-ribosyltransferases like the 49.4 kDa C2 toxin of 329
Clostridium botulinum [21] would likely not fit into the cocoon. It remains to be 330 explored whether the cocoon itself can be enlarged by adding further RHS repeats, 331 thereby expanding the upper cargo size limit. 332
Importantly, we discovered that the lower size limit of the cargo is in the 20 -333 22 kDa range, and the affinity of TcB-TcC to TcA drops tremendously if the cargo size 334 is below this limit ( Figure 5 , Table 1 ). This finding echoes previous results showing 335 that a comparable decrease in affinity between empty TcB-TcC and TcA occurs 336 because there is no HVR present to apply steric pressure on the TcB gatekeeper domain 337 that is essential for binding to TcA [16] . Similarly, small cargos will likely be too 338 mobile inside the cocoon to cause gatekeeper destabilization. The lower size limit is 339 slightly flexible, e.g. Cdc42 (20.3 kDa) forms holotoxin while HVR45-ICP47-HVR50 340 (21.6 kDa) does not (Table 1) . This is potentially caused by the C-terminal helix of 341
Cdc42 attaching the rest of the cargo to the vicinity of the cocoon exit, allowing the 342 Cdc42 N-terminus to destabilize the gatekeeper more easily, which results in holotoxin 343 formation but also prevents subsequent cargo transport. We therefore hypothesize that 344 translocation will likely be impaired if a TcB-TcC cocoon loaded with a small cargo 345 binds with high affinity to TcA. 346
The second prerequisite for successful transport is a net positive charge of the 347 cargo protein. All naturally occurring HVRs of P. luminescens Tc toxins have a pI of 348 at least 7.9 (TccC5HVR), and the protein with the lowest pI for which we observed 349 translocation in our in vitro assay is HVR128-iLOV with a pI = 8.73 (Table 1 ). Since points that need to be considered, because some of the larger cargos with high pI were 356 not translocated (TEV and HVR45-Cdc42-HVR50). Therefore, a third prerequisite 357 needs to be fulfilled: the encapsulated cargo must not form any tertiary structures or 358 stably interact with the cocoon. The two abovementioned cargos violate this 359 prerequisite, with TEV containing two highly stable b-barrels, and Cdc42 possessing 360 an amphipathic C-terminus that associates with a hydrophobic binding pocket in the 361
cocoon. 362
To summarize, we recommend adhering to the following guidelines in order to 363 successfully turn a Tc toxin into a protein translocation device ( Figure 5 
Cloning of TcB-TcC with non-natural cargo proteins 410
We used the fusion protein TcdB2-TccC3 [10] as a carrier for heterologous cargo 411 proteins to replace TccC3HVR. We therefore introduced an EcoRI restriction site by 412 site-directed mutagenesis after the codon coding for the conserved P680 of TccC3, 413 which is two residues after the aspartyl protease site [15] . Subsequently, we cloned the 414 cargo proteins in frame via EcoRI and XhoI, resulting in an N-terminal extension of 415 four residues (MPEF). In the case of TccC5HVR, the N-terminal extension results in a 416 change of the pI from 8.65 to 7.90. In the case of Cdc42, the EcoRI site was inserted 417 after the codon for L678, and the resulting point mutation P680F was reverted by site- Table 1 . 428 429 Protein production 430 P. luminescens TcdA1 (TcA) was expressed and purified as described previously [16] . All TcB-TcC cargo variants were expressed and purified analogously to WT TcB-TcC 446 as described previously [11] . E. coli BL21-CodonPlus(DE3)-RIPL cells were 447 transformed with pET28a encoding the tcdB2-tccC3 (WT or cargo variants) genes with 448 an N-terminal hexahistidine tag. 5 or 10 L of LB medium containing 30 mM IPTG were 449 directly inoculated with a freshly transformed colony. Cells were grown at 28 ºC for 4 against 20 mM CAPS-NaOH pH 11.2, 150 mM NaCl, 0.1% DDM for 48 h at 4 ºC. As 494 a parallel control experiment, the same amount of ABC with 0.1% DDM was dialyzed 495 against 20 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.1% DDM under the same conditions. 496
Subsequently, the dialyzed proteins were subjected to SEC on a Superose 6 Increase 5-497 150 column equilibrated in the respective dialysis buffer. SEC fractions corresponding 498 to the exclusion volume (aggregated holotoxin after dialysis), the major peak of the 499 holotoxin, the tail of the holotoxin peak, and the peak after holotoxin were analyzed via 500 SDS-PAGE and Western blot for the presence of the cargo. In the cases where the cargo 501 is translocated and released from the holotoxin, a Western blot signal appears in the 502 fractions after the holotoxin peak at pH 11 (Supplementary figure 3A) . In the cases 503
where the cargo is not translocated, Western blot signals are only found in fractions 504 containing the holotoxin, both at pH 8 and pH 11 (Supplementary figure 3B) . 505 506
Western blot and immunodetection 507
After SDS-PAGE of the collected SEC fractions (10 µL per fraction) on a 4-15% 508 acrylamide gradient gel, the proteins were transferred onto a PVDF membrane using a 509
Trans-Blot Turbo semi-dry transfer system (Biorad). In the cases where the cargo 510 proteins were fusion constructs with N-or C-terminal parts of TccC3HVR, a custom-511 made anti-TccC3HVR rabbit polyclonal antibody (Cambridge Research Biochemicals) 512 was used as the primary antibody. For Cdc42 without a TccC3HVR fusion, an anti-513 to a final Rfree of 25%. Data collection and refinement statistics are summarized in 548 Supplementary Table 1 . averages generated by Relion [46] were used as an autopicking template. 99,980 570 particles were auto-picked from the images using the Relion 1.4 autopicker. 571
Subsequently, reference-free 2D classification and cleaning of the dataset were 572 performed with the iterative stable alignment and clustering approach ISAC [38] in 573 SPHIRE. ISAC was executed with a pixel size of 7.2 Å/pixel on the particle level. The 574 'Beautifier' tool of SPHIRE was then applied to obtain refined and sharpened 2D class 575 averages at the original pixel size, showing high-resolution features (Supplementary  576   figure 5b ). From the initial set of particles, the clean set used for 3D refinement 577 contained 56,665 particles. We applied the previously obtained cryo-EM structure of 578 ABC(WT) (EMDB-2551) as an initial model after scaling and filtering it to 12 Å 579 resolution and performed 3D refinement in SPHIRE. The resolution of the final density 580 was estimated to be 7.02 / 5.11 Å according to FSC 0.5 / 0.143 after applying a soft 581
Gaussian mask. The B-factor was estimated to be -246.4 Å 2 . Local FSC calculation was 582 performed using the Local Resolution tool in SPHIRE. (Supplementary figure 5e) and 583 the electron density map was filtered according to its local resolution using the 3-D 584
Local Filter tool in SPHIRE. 585 586 Literature 587 Table  732 733 
Figures and
Translocation of various non-natural cargos in vitro 772
A. Successful translocation of ICP47, RBD, and iLOV fused to the N-or C-773 terminus of TccC3HVR. After incubation at pH 11, which causes the toxin to 774 undergo prepore-to-pore transition, Western blots show that these constructs 775 migrate at higher retention volumes during size exclusion chromatography in 776 comparison to the pH 8 incubated control. This corresponds to translocation and 777 release of the cargo proteins from the holotoxin, as illustrated schematically in 778 show the presence of the constructs at lower retention volumes during size 782 exclusion chromatography both at pH 8 and pH 11, meaning they co-localize with 783 the rest of the holotoxin even after prepore-to-pore transition and are not 784 translocated. Table 1 . 816
List of cargos tested in this study, including size, pI, propensity to form holotoxin, 817 and ability to be translocated through TcA. The nomenclature of the chimeras, for 818 example HVR128-ICP47-HVR50, indicates how many N-or C-terminal TccC3HVR 819 residues have been pre-or appended to the cargo protein. The colored bars indicate the 820 composition of the construct and are used in all figures to make it easier for the reader. 821 n.a: not applicable. (1) pI of TccC5HVR is changed from 8.65 to 7.90 by the addition of 822 four residues (MPEF) to the N-terminus, resulting from cloning. (2) Toxicity to 823 HEK293T cells (Figure 1 C) . (left panels). Fusing the first 128 residues of TccC3HVR to these proteins 848 results in respective cargo sizes of 26.4 and 31.6 kDa, which can efficiently 849 form ABC holotoxin (middle panels). The cargo proteins Cdc42 (20.3 kDa) and 850 TEV (28.1 kDa) form holotoxin with high affinity on their own (right panels). 851 C. Successful translocation of the cargo. After incubating the holotoxin for 48 h at 863 pH 8 (as a control where no prepore-to-pore transition occurs) and pH 11 (which 864 induces prepore-to-pore transition), the samples are subjected to SEC on a 865 Superose 6 Increase column. This separates aggregated holotoxin, holotoxin pores 866 and residual prepores (lower retention volumes) from the translocated cargo 867 (higher retention volumes). Subsequently, SEC fractions are analyzed for the 868 presence of cargo via Western blot using antibodies raised either against the cargo 869 proteins or against TccC3HVR (in case of TccC3HVR fusion constructs). At pH 8, 870
the cargo is still in the cocoon and co-elutes with the holotoxin. At pH 11, the cargo 871 has been released from the holotoxin that transited to the pore state, and therefore 872 also appears at higher retention volumes in comparison to experiments done at 873 pH 8. Cryo-EM data processing statistics of ABC-Cdc42. 940
